Introduction
============

Renal cell carcinoma (RCC) has attracted increasing attention over the past decades ([@b1-ol-0-0-11526],[@b2-ol-0-0-11526]), and the lack of early symptoms or signals makes timely diagnosis difficult for patients with RCC ([@b3-ol-0-0-11526],[@b4-ol-0-0-11526]). Of the patients diagnosed with RCC, 30% present with distant metastasis following diagnosis. Once malignant metastasis occurs in patients with RCC, the 5-year survival rate is \<10% ([@b1-ol-0-0-11526]). Due to the tendency of malignant metastasis and insensitivity to chemotherapy, the prognosis of patients with RCC is poor ([@b5-ol-0-0-11526]). Metastasis of malignant tumors is a complicated biological program. Malignant tumor cells migrate away from the primary tumor location, into the surrounding tissues and reach the distal organs through circulation or lymphatic channels to develop metastatic foci ([@b6-ol-0-0-11526]). The epithelial-mesenchymal transition (EMT) serves as an important mechanism during the metastatic process ([@b7-ol-0-0-11526]). EMT promotes epithelial cells to undergo dedifferentiation, resulting in a loss of polarization and fewer cell-cell junctions, whilst enhancing interstitial transformation, tumor migration and invasion ([@b8-ol-0-0-11526]). Zinc finger E-box binding homeobox 1 (ZEB1) is a key activator of EMT, which upregulates the plasticity of tumor cells, resulting in tumor cells displaying similar characteristics to stem cells ([@b9-ol-0-0-11526]). Recent studies have demonstrated that ZEB1 serves a key role in the EMT process in lung adenocarcinoma ([@b10-ol-0-0-11526]), colorectal cancer and breast cancer ([@b11-ol-0-0-11526],[@b12-ol-0-0-11526]).

During the development of malignant cancer, significant metabolic disorders occur ([@b8-ol-0-0-11526],[@b13-ol-0-0-11526]--[@b15-ol-0-0-11526]). Therefore, it is important to determine whether molecules and proteins associated with energy regulation may serve as potential biomarkers for the early diagnosis of RCC. Nucleobindin-2 (NUCB-2) is a neuropeptide that serves an important role in regulating food intake and energy homeostasis ([@b7-ol-0-0-11526]). A number of previous reports have described NUCB-2 abnormalities in metabolic diseases ([@b16-ol-0-0-11526],[@b17-ol-0-0-11526]), and there is considerable evidence suggesting that NUCB-2 serves an important role during the development and metastasis of breast cancer ([@b18-ol-0-0-11526]), prostate cancer ([@b19-ol-0-0-11526]--[@b22-ol-0-0-11526]) and colon cancer ([@b23-ol-0-0-11526]), and that increased NUCB-2 expression was positively correlated with metastasis of RCC and a low postoperative survival rate ([@b24-ol-0-0-11526]). The AMP-dependent protein kinase (AMPK)/mammalian target of rapamycin (mTOR) signaling pathway is a central pathway involved in energy metabolism and tumor development ([@b25-ol-0-0-11526],[@b26-ol-0-0-11526]).

To the best of our knowledge, the specific role and mechanism of NUCB-2 in RCC remain unknown. In the present study, NUCB-2 expression was analyzed in the serum and tumor tissues from patients with RCC, and was correlated with metastasis and clinical pathological typing. At the cellular level, knocking out NUCB-2 reduced proliferation, migration and invasion of SK-RC-52 cells, which are derived from human RCC. Furthermore, lower NUCB-2 expression in murine kidney cancer Renca cells inhibited tumor growth and metastasis in mice.

Materials and methods
=====================

### Tissue sample collection

Between October 2016 and October 2017, 68 adult patients with RCC treated at The First Hospital of Jiamusi University (Jiamusi, China) were examined. These patients included 37 men and 31 women. Patients were aged as follows: 8 patients \<40 years, 40 patients between 40 and 60 years and 20 patients \>60 years. Furthermore, 18, 19 and 31 patients had stage I, II and III RCC, respectively, according to the Tumor-Node-Metastasis (TNM) staging system ([@b27-ol-0-0-11526]). After obtaining written informed consent from patients, 10 ml blood was collected in EDTA anticoagulant tube. Serum was obtained following blood centrifugation at 1,000 × g for 15 min at 4°C, and was stored at −80°C for \<2 months. All the 10 donors who underwent nephrectomy suffered from hydronephosis, and the intravenous pyelogram and computed tomography urography revealed that the kidneys lost function. These patients included six men and four women aged between 20 and 60 years. Tissue samples were collected after surgery and stored at −80°C. The present study was approved by The Ethics Committee of the First Affiliated Hospital of Jiamusi University.

### Human RCC cell lines

The SK-RC-1 cell line was derived from a primary clear cell RCC specimen and the SK-RC-52 cell line was derived from a clear cell RCC metastatic lesion in the mediastinum ([@b28-ol-0-0-11526]). Both cell lines were obtained from the Memorial Sloan-Kettering Cancer Center. The mouse renal carcinoma cell line Renca was purchased from the American Type Culture Collection. The cells were cultured in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (Sigma-Aldrich; Merck KGaA) and 2 mM glutamine (Gibco; Thermo Fisher Scientific, Inc.) in an atmosphere of 5% CO~2~ at 37°C. Knockout of the NUCB-2 gene in SK-RC-52 cells was performed using the CRISPR-Cas9 system, and gene-editing services were provided by Beyotime Institute of Biotechnology (Haimen, China). The guide RNA sequence 5′-TCTATCTTCGCACTTTCCAC-3′ targeting exon5 of NUCB −2 gene locus (NM_001352661.1) was designed by a CRISPR gRNA design tool (ATUM). ACCG was added to the 5′ end of the sgRNA sense strand, and AAAC was added to the 5′ end of the antisense strand to form a cohesive end to digest pGL3-U6-sgRNA-PGK-Puro with Bsa-I. The NUCB-2 knockout selected cell clones were confirmed by sequencing and the target gene expression was validated by western blotting. Cas9 nuclease was provided by Aldevron (cat. no. 9212).

### Compounds and antibodies

Rapamycin, dorsomorphin and MTT were purchased from Sigma-Aldrich; Merck KGaA. SK-RC-52 cells were treated with dorsomorphin at 40 µM for 100 min at 37°C. SK-RC-52 cells were treated or not with rapamycin at 100 nmol/l for 12 h at 37°C. The antibodies used in the present study were purchased from EMD Millipore, BD Biosciences and Sigma-Aldrich; Merck KGaA.

### Immunohistochemistry (IHC)

Tissues were fixed with 10% formaldehyde for 24 h at room temperature, and tissue sections were cut into sections of 4-µm thickness and subsequently used for IHC. Tissues were blocked at room temperature for 1 h in a humidified chamber with 5% bovine serum albumin (Invitrogen; Thermo Fisher Scientific, Inc.) dissolved in PBS. Sections were incubated with a rabbit polyclonal antibody against NUCB-2 (cat. no. ab224348; Abcam; 1:100) at 4°C overnight, and with an HRP conjugated goat anti-rabbit IgG H&L secondary antibody (cat. no. ab205718; Abcam; 1:2,000) at 37°C for 1 h. The degree of immunostaining was semi-quantitatively evaluated blindly by two independent expert pathologists. The pathologists scored the number of positively stained cells per field in five fields under a light microscope (magnification, ×200). NUCB-2 expression was calculated based on the intensity of staining and the percentage of positively stained cells. To determine the percentage of stained cells, the number of stained and unstained cells was averaged across five fields at ×200 magnification.

### Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA covering four disease stages and normal tissues from 68 patients and 10 normal donors was extracted with TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.). Complementary DNA (cDNA) was reverse transcribed from the RNA using PrimeScript RT Reagent kit (Clontech Laboratories, Inc.) at 42°C for 15 min and 85°C for 5 sec. The sequences of the primers used were: Human NUCB-2 forward, 5′-GAGTCAACGGATTTGGTCGT-3′ and reverse, 5′-TTGATTTTGGAGGGATCTCG-3′ ([@b29-ol-0-0-11526]); mouse NUCB-2 forward, 5′-GGAGCCAAGTCCTGATCTCTAC-3′ and reverse, 5′-TTCAGACAGGCCAAGGTTTT-3′; human GAPDH forward, 5′-GAGTCAACGGATTTGGTCGT-3′ and reverse 5′-TTGATTTTGGAGGGATCTCG-3′; and mouse GAPDH forward, 5′-AACTTTGGCATTGTGGAAGG-3′ and reverse, 5′-ACACATTGGGGGTAGGAACA-3′.

RNA was quantified by qPCR assay with Quantities SYBR Green Master mix (MedChemExpress). The PCR reactions were as follows: Stage 1, 95°C for 15 sec; stage 2, 40 cycles of 15 sec at 95°C and 30 sec at 60°C; stage 3, melting curve analysis. PCR data were analyzed using the 2^−ΔΔCq^ method ([@b30-ol-0-0-11526]) with the GAPDH gene as a control. Spearman\'s rank-order correlation was used for correlation analysis. The system used to grade tissues was the TNM staging system ([@b27-ol-0-0-11526]). The healthy donor tissue and I, II, III, IV stage tissue were ranked as 0, 1, 2, 3 and 4, respectively, and the Spearman\'s correlation coefficient was calculated.

### Invasion and migration assays

For the cell proliferation assay, 5×10^4^ SK-RC-1, SK-RC-52 and NUCB-2-knockout SK-RC-52 cells were seeded into 96-well plates. The proliferative rate of the cells was determined with premixed WST-1 Cell Proliferation Reagent (Clontech Laboratories, Inc.) 24 h after incubation, according to the manufacturer\'s protocol.

A monolayer wound-healing assay was performed to compare the migratory ability of SK-RC-1, SK-RC-52 and NUCB-2-knockout SK-RC-52 cells. Cell lines were cultured until confluent, scratched and imaged using a phase-contrast microscope (magnification, ×50) at 0 and 24 h. In certain experiments, MCM was added at different concentrations at the 0 h time point. The minimum distance in mm between the wound edges of the scratch area was analyzed using Adobe Photoshop version 7.0 (Adobe Systems, Inc.). All experiments were performed in triplicate.

For Transwell migration and invasion assays, a QCM™ 24-well cell migration assay and invasion system (EMD Millipore) was used. A total of 2×10^5^ cells were seeded into the inserts in 300 µl serum-free medium, and 500 µl medium supplemented with 10% FBS was placed in the lower chamber. Cells were incubated in an atmosphere of 5% CO~2~ at 37°C for 48 h. The migrated and invaded cells were stained with CyQuant GR dye (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturers\' instructions. Migration and invasion were assessed on a fluorometer (FLx800 Microplate Fluorescence Reader; BioTek Instruments, Inc.) using a 480/520 nm filter.

### Western blotting

Cells were lysed using radioimmunoprecipitation assay buffer (EMD Millipore) on ice for 30 min. The total cell lysate was collected after centrifugation at 12,000 × g for 15 min at 4°C. For extraction of nuclear proteins, a Nuclear Extract kit (Active Motif) was used. The concentration of protein was determined using a bicinchoninic acid protein assay kit (EMD Millipore). Proteins (50 µg) were separated by 6--12% SDS-PAGE and transferred onto polyvinylidene difluoride membranes. After transfer, 5% non-fat dry milk was used to block the membranes for 1 h. The membranes were incubated with rabbit anti-human NUCB-2 polyclonal antibody (cat. no. ab224348, 1:100, Abcam) and recombinant GAPDH antibody (cat. no. ab181602, 1:100, Abcam) at 4°C for overnight. Membranes were washed three times in TBST for 15 min and incubated with an HRP goat anti-rabbit IgG H&L (cat. no. ab205718; 1:200; Abcam) and goat anti-mouse IgG H&L (cat. no. ab150117; 1:200; Abcam) at room temperature for 1 h. Signals were visualized using enhanced chemiluminescence substrate (EMD Millipore) on an imaging capture system (Alpha Imaging).

### In vivo experiments

Short hairpin (sh)RNAs targeting human NUCB-2, mouse NUCB-2 and a control vector construct were obtained from Beyotime Institute of Biotechnology. Cells were transfected with each shRNA plasmid using Lipofectamine 2000 reagent (Invitrogen Thermo Fisher Scientific, Inc.). One day before transfection, cells were seeding at the density of 2×10^6^ cells in 10 cm dish, so that they can reach 30--50% confluence at the time of transfection. shRNA duplex (300 pmol) and Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.; 30 µl) were added to each dish containing cells for 24 h at 37°C in a 5% CO~2~ incubator before cells were injected into mice.

All procedures were performed in an animal facility using protocols approved by The Institutional Animal Care and Use Committee of The Jiamusi University Affiliated No. 1 Hospital (Jiamusi, China). A total of 12 six-week-old male BALB/c mice weighing 18--22 g were obtained from the animal center of Jiamusi University, and housed under controlled illumination (12:12 h light/dark cycle; lights on/off, 6/18 h) and temperature (22±2°C) for 7 days with food and water available *ad libitum*. Each group contained ten mice, and animals were injected subcutaneously into the back with 0.1 ml containing 1×10^6^ Renca cells or shRNA-Renca cells. Every other day, the size of the tumor nodules was measured. The mice were sacrificed by cervical dislocation after anesthesia when the health of the mouse continued to deteriorate and the intake of food intake continued to decrease, the weight of the mice decreased for 3 days, the mice weighed \<19 grams and when the mouse tumor volume was \>2,000 mm^3^.

### Statistical analysis

Spearman\'s rank-order correlation was used for correlation analysis. All data are expressed as the mean ± standard deviation. Statistical analyses were conducted using SPSS version 17.0 (SPSS, Inc.). A Student\'s t-test was used to compare the mean values between two experimental groups. One-way ANOVA was used to compare the mean values among three experimental groups with a least significant difference post-hoc test assuming equal variance or a Tambane\'s T2 post-hoc test when equal variance was not assumed. The adjusted significance of the P-value was set at 0.05. A population standard deviation to test the normal distribution of samples was used. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Increased expression of NUCB-2 in RCC

The presence and distribution of NUCB-2 in the tissues were assessed via IHC. The NUCB-2 protein was primarily localized in the cytoplasm. High expression of NUCB-2 was detected in the tumor tissues of patients with RCC, whereas low expression of NUCB-2 was detected in the kidney tissues of healthy donors ([Fig. 1A](#f1-ol-0-0-11526){ref-type="fig"}). The NUCB-2 mRNA and protein expression levels in the kidney tissues of 68 RCC patients and 10 normal donors were analyzed with RT-qPCR and western blot analysis. The results showed that NUCB-2 mRNA and protein expression were significantly higher in the tissue samples from patients with RCC compared with normal group ([Fig. 1B-D](#f1-ol-0-0-11526){ref-type="fig"}; P\<0.05). Furthermore, the expression of NUCB-2 mRNA was positively correlated with RCC stage ([Fig. 1B](#f1-ol-0-0-11526){ref-type="fig"}; r^2^=0.7743; P\<0.05). To further determine whether NUCB-2 overexpression was systemic or local, the serum concentrations of the N-terminally active protein nesfatin-1 of NUCB-2 in both samples were determined and no significant difference was identified between the two groups ([Fig. 1E](#f1-ol-0-0-11526){ref-type="fig"}).

### NUCB-2 knockout reverses EMT phenotypes in RCC

In the present study, two human RCC cell lines were selected for study, SK-RC-1 and SK-RC-52 cells. These two cell lines were used to determine the effect of NUCB-2 on RCC migration and invasion, which are key steps in the initial progression of cancer metastasis ([@b31-ol-0-0-11526]). Higher NUCB-2 mRNA and protein expression was identified in SK-RC-52 cells compared with the SK-RC-1 cells ([Fig. 2A, C and D](#f2-ol-0-0-11526){ref-type="fig"}) and higher concentrations of nesfatin-1 were identified in the cell culture medium of the SK-RC-52 cells ([Fig. 2B](#f2-ol-0-0-11526){ref-type="fig"}). The SK-RC-1 cell line is derived from a primary clear cell RCC specimen, whereas the SK-RC-52 cell line is derived from a clear cell RCC metastatic lesion in the mediastinum ([@b28-ol-0-0-11526]); therefore, the results presented in [Fig. 2](#f2-ol-0-0-11526){ref-type="fig"} suggest that NUCB-2 may be involved in metastasis of RCC.

Based on the results of NUCB-2 expression in the two cell lines, SK-RC-52 cells were used for all subsequent experiments. The NUCB-2 gene in SK-RC-52 cells was knocked out via the CRISPR-Cas9 system, and the data demonstrated that NUCB-2 knockout was stable ([Fig. 3A-C](#f3-ol-0-0-11526){ref-type="fig"}). Based on the cell proliferation ([Fig. 3D](#f3-ol-0-0-11526){ref-type="fig"}), and the migration ([Fig. 3E](#f3-ol-0-0-11526){ref-type="fig"}) and invasion assays ([Fig. 3F](#f3-ol-0-0-11526){ref-type="fig"}), NUCB-2 knockout significantly attenuated these behaviors compared with SK-RC-52 cells. These results further demonstrate that NUCB-2 serves an important role in the metastasis of RCC.

Several biochemical markers are used to characterize EMT, for example, epithelial cells primarily express E-cadherin and claudin-3, whereas mesenchymal cells express vimentin and N-cadherin ([@b32-ol-0-0-11526]). Since the targeted inhibition of NUCB-2 attenuated migration and invasion, it was next determined whether this inhibition was sufficient to suppress or attenuate EMT in RCC by examining the expression of the aforementioned EMT markers. The stable knockout of NUCB-2 in SK-RC-52 cells significantly increased E-cadherin and claudin-3 levels whilst significantly decreasing expression of vimentin (all P\<0.05; [Fig. 4A and B](#f4-ol-0-0-11526){ref-type="fig"}). ZEB1 is a major regulator of EMT in malignant tumors ([@b32-ol-0-0-11526],[@b33-ol-0-0-11526]), and Snail and Slug are important transcription factors involved in EMT regulation ([@b34-ol-0-0-11526]). ZEB1 (P\<0.01), Snail and Slug (both P\<0.05) expression was significantly decreased in the NUCB-2-knockout cells, suggesting that NUCB-2 may be involved in EMT through the ZEB1 signaling ([Fig. 4C and D](#f4-ol-0-0-11526){ref-type="fig"}).

### NUCB-2 promotes EMT in RCC via the AMPK/mTOR signaling pathway

To further clarify which signaling pathway is involved in the NUCB-2-mediated EMT in RCC, the association between NUCB-2 and the AMPK/mTOR signaling pathway was assessed. Previous studies have reported that NUCB-2 affects AMPK activation and promotes mTOR phosphorylation, which leads to the upregulation of protein synthesis, cell proliferation, cell cycle progression and angiogenesis ([@b35-ol-0-0-11526]--[@b37-ol-0-0-11526]); the latter of which serves an important role in tumor metastasis. Acetyl-CoA carboxylase (ACC) is a downstream target of energy-sensitive AMPK both of which are phosphorylated in their active form. The data in [Fig. 5](#f5-ol-0-0-11526){ref-type="fig"} shows that phosphorylated AMPK and phosphorylated ACC expression was significantly increased by knocking out NUCB-2 expression in SK-RC-52 cells. These results suggest that the AMPK pathways are involved in NUCB-2-regulated EMT properties, migration and invasion in RCC. The mTOR signaling pathway is downstream of AMPK. mTOR contains two subunits of functionally and biochemically distinct multiprotein complexes called mTOR complex (mTORC)1 and mTORC2 ([@b38-ol-0-0-11526]--[@b40-ol-0-0-11526]), in which mTORC1 serves a central role in cell growth and regulation of metabolism ([@b41-ol-0-0-11526]). eIF4E-binding protein 1 (4E-BP1) and ribosomal S6 kinase (S6K) are direct substrates of mTORC1 activity ([@b42-ol-0-0-11526]). As shown in [Fig. 5](#f5-ol-0-0-11526){ref-type="fig"}, the phosphorylation of 4E-BP1 and S6K decreased when the NUCB-2 gene was knocked out in SK-RC-52 cells, suggesting that the mTOR pathway is also involved in the NUCB-2-regulated EMT in RCC.

To further clarify the results described above, competitive AMPK inhibitor was used ([@b43-ol-0-0-11526]) to inhibit the AMPK signaling pathway in NUCB-2-knockout SK-RC-52 cells. After treatment with dorsomorphin (40 µM, 100 min), AMPK and ACC phosphorylation decreased, suggesting that dorsomorphin inhibition was successful. However, S6K and 4eBP1 showed the opposite results ([Fig. 6A](#f6-ol-0-0-11526){ref-type="fig"}). Cell migration and invasion following treatment with dorsomorphin was also assessed. After treatment with dorsomorphin, the migratory and invasive capabilities of RCC cells were restored in the NUCB-2-knockout cells ([Fig. 6B and C](#f6-ol-0-0-11526){ref-type="fig"}). Rapamycin is a commonly used TORC1 inhibitor. SK-RC-52 cells were treated without or with rapamycin (100 nmol/l) for 12 h, and EMT biomarkers were examined by western blot analysis. TORC1 inhibition resulted in significantly decreased expression of ZEB1, Snail and Slug (All P\<0.01), which are involved in EMT regulation in SK-RC-52 cells, and several EMT biochemical markers experienced opposite changes ([Fig. 7](#f7-ol-0-0-11526){ref-type="fig"}; P\<0.01). These results suggest that NUCB-2 may promote EMT in RCC via the AMPK/mTOR signaling pathway.

### In vivo experiment

To determine the role of NUCB-2 *in vivo*, the expression of NUCB-2 in the murine kidney cancer cell line Renca was inhibited by transfection with a NUCB-2-targeting shRNA (experimental group), and non-transfected Renca cells were used as a control. The results showed that the levels of NUCB-2 mRNA and protein were significantly decreased following transfection with shRNA (P\<0.05; [Fig. 8A-C](#f8-ol-0-0-11526){ref-type="fig"}), and tumor growth was significantly slower in the NUCB-2 inhibition group compared with the control group ([Fig. 8D-G](#f8-ol-0-0-11526){ref-type="fig"}), suggesting that NUCB-2 serves an important role in RCC growth.

Discussion
==========

The present study is the first to describe the role and mechanisms of NUCB-2 in RCC metastasis, to the best of our knowledge. NUCB-2 was highly expressed in patients with RCC, and the expression of NUCB-2 was strongly associated with clinical stage. NUCB-2 upregulated EMT through the AMPK/TORC1/ZEB1 signaling pathway. Finally, inhibition of NUCB-2 expression can inhibit the growth of RCC tumors in animals. These data suggest that NUCB-2 may be a potential marker for the diagnosis of RCC.

NUCB-2 is widely expressed throughout the body and is primarily expressed in the hypothalamic nucleus ([@b24-ol-0-0-11526]). NUCB-2 participates in a variety of pathophysiological processes, primarily serving an important role in maintaining the energy and nutrient balance ([@b16-ol-0-0-11526],[@b17-ol-0-0-11526]). NUCB-2 has also been demonstrated to serve an important role in tumor development. Suzuki *et al* ([@b18-ol-0-0-11526]) found that NUCB-2 acts as a tumor promoter during breast cancer development and metastasis. Zhang *et al* ([@b20-ol-0-0-11526]--[@b22-ol-0-0-11526]) reported that increased NUCB-2 expression is associated with prostate cancer recurrence and a poor prognosis. In a study by Qi *et al* ([@b23-ol-0-0-11526]), NUCB-2 was highly expressed in RCC. A retrospective clinical study by Fu *et al* ([@b44-ol-0-0-11526]) found that high NUCB-2 expression levels were positively correlated with Fuhrman grade. Together, these studies have concluded that NUCB-2 is associated with poor tumor prognosis. In the present study, similar results regarding NUCB-2 function in promoting RCC cell proliferation, invasion and metastasis were described. Based on the previously mentioned findings, the underlying mechanism of NUCB-2 in RCC was investigated.

The NUCB-2 gene was knocked out in SK-RC-52 cells using the CRISPR-Cas9 system and cell proliferation, invasion and migration assays were performed. The results showed that cell proliferation and metastasis were suppressed in the NUCB-2-knockout cells. EMT is a key reversible step that facilitates tumor migration, invasion and metastasis ([@b7-ol-0-0-11526]). Metabolic reprogramming is a distinct hallmark in EMT development ([@b45-ol-0-0-11526]--[@b47-ol-0-0-11526]). The findings of the present study implicate NUCB-2 as a key regulator of EMT in RCCs based on the observation that the increased expression of NUCB-2 in the metastatic human RCC cell line, SK-RC-52 altered expression of a number of biochemical markers (decreased E-cadherin, increased vimentin and N-cadherin). However, these markers exhibited the opposite trend in expression in SK-RC-52 cells when NUCB-2 was knocked out by genetic editing. ZEB1 is a transcription factor and a master regulator of EMT in several types of cancer ([@b32-ol-0-0-11526],[@b33-ol-0-0-11526]). ZEB1 was highly expressed in SK-RC-52 cells, a cell line derived from RCC mediastinal metastases, suggesting that NUCB-2 may promote the malignant behaviors of RCC by upregulating ZEB1.

In various cancer cells, the activation of AMPK stimulates the tumor suppressor gene p53, which has been reported to control apoptosis and the cell cycle in the induction of the EMT and in metastasis ([@b45-ol-0-0-11526]--[@b47-ol-0-0-11526]). To investigate the mechanism underlying the high expression of NUCB-2 and renal cell proliferation and mesenchymal transition, the association between NUCB-2 and the AMPK/mTOR signaling pathways was examined. The results demonstrated that knockdown of NUCB-2 expression in SK-RC-52 cells increased the phosphorylation of AMPK and decreased mTOR phosphorylation, consistent with numerous previous studies ([@b48-ol-0-0-11526]--[@b50-ol-0-0-11526]). ZEB1, is a major mediator of tumor migration, and exerts its effects by activating the mTOR signaling pathway, and ZEB1 activity was effectively inhibited when an mTOR inhibitor was used ([@b51-ol-0-0-11526],[@b52-ol-0-0-11526]). Furthermore, the abrogation of AMPK expression by dorsomorphin restored NUCB-2-induced invasion, migration and the EMT in RCC in the NUCB-2-knockout SK-RC-52 cells. At the same time, the phosphorylation of two important downstream substrates of mTORC1, S6K and 4eBP1 was observed, suggesting their activation.

In addition, xenograft mouse experiments confirmed that the knockdown of NUCB-2 using a specific shRNA decreased renal cell tumor nodule formation compared with mice injected with cells expressing levels of high NUCB-2.

In conclusion, patient samples, cell lines and mouse models were analyzed, and NUCB-2 was identified as a valid marker associated with RCC malignant metastasis and a poor prognosis. The results of the present study suggest that NUCB-2 promotes EMT in RCC via the AMPK/TORC1/ZEB1 pathway. These findings suggest that NUCB2 may serve as a potential diagnostic marker and therapeutic target for treating patients with RCC.
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![Expression of NUCB-2 in clinical RCC. (A) Representative example of IHC staining of NUCB-2 in a tumor tissue from a patient with RCC and a kidney tissue from a healthy donor. NUCB-2 expression was lower in the healthy donor kidney tissue compared with tumor tissue. (B) Relative mRNA levels of NUCB-2 normalized to those of GAPDH in 10 normal donors or stage I--IV CRC derived from 68 patients with RCC, including 12 stage I patients, 13 stage II patients, 25 stage III patients and 38 stage IV patients. NUCB-2 expression showed a linear increase in expression based on stage (R^2^=0.7743). NUCB-2 expression was significantly increased at all stages compared with the healthy control. \*P\<0.05, \*\*P\<0.01. (C) Protein expression levels of NUCB-2 in patients with RCC and normal donors. (D) Densitometry analysis of the western blot shows that NUCB2 protein expression levels were significantly increased in patients with RCC compared with the healthy donors. \*P\<0.05. (E) Nesfatin-1 concentration in the serum of healthy donors and patients with RCC. There was no significant difference in nesfatin-1 concentration based on the presence of the disease. NUCB-2, nucleobindin 2; IHC, immunohistochemistry; RCC, renal cell carcinoma; IOD, integrated option density.](ol-19-06-3653-g00){#f1-ol-0-0-11526}

![Expression of NUCB-2 in SK-RC-1 and SK-RC-52 cell lines. (A) Relative mRNA levels of NUCB-2 normalized to those of GAPDH in SK-RC-1 and SK-RC-52 cell lines. NUCB-2 expression was significantly higher in the SK-RC-52 cells compared with SK-RC-1 cells. \*P\<0.05. (B) Nesfatin-1 concentration in the cell culture medium of the two human renal cell cancer cell lines. Serum nesfatin-1 concentration was significantly higher in the SK-RC-52 cells compared with the SK-RC-1 cells. \*P\<0.05. (C) Protein expression of NUCB-2 in SK-RC-1 and SK-RC-52 cell lines. (D) Densitometry analysis of NUCB-2 expression relative to GAPDH. Protein concentration was significantly higher in the SK-RC-52 cells compared with the SK-RC-1 cells. \*P\<0.05. NUCB-2, nucleobindin 2.](ol-19-06-3653-g01){#f2-ol-0-0-11526}

![NUCB-2 regulates renal cell carcinoma migration and invasion. (A) Relative mRNA levels of NUCB-2 normalized to those of GAPDH in SK-RC-52 and NUCB-2-KO SK-RC-52 cell lines. NUCB-2 expression was significantly decreased in the NUCB-2-KO cells compared with the control. \*\*P\<0.01. (B) Protein expression of NUCB-2 in SK-RC-52 and NUCB-2-KO SK-RC-52 cell lines. (C) Densitometry analysis of the relative protein expression levels of NUCB-2 normalized to those of GAPDH. Protein expression was significantly decreased in the NUCB-2-KO cells compared with the control. \*\*P\<0.01. (D) Relative cell proliferation in the SK-RC-52 and NUCB-2-KO cell lines. Proliferation was significantly decreased when NUCB-2 was knocked out. \*\*P\<0.01. (E) Relative cell migration in two human renal cell cancer cell lines. Migration was significantly reduced when NUB-2 was knocked out. \*P\<0.05. (F) Number of cells that had migrated in the Transwell assay in two human renal cell cancer cell lines. Migration was significantly reduced when NUB-2 was knocked out. Magnification, ×200. Scale bar, 200 µm. \*\*P\<0.01. NUCB-2, nucleobindin 2; KO, knockout.](ol-19-06-3653-g02){#f3-ol-0-0-11526}

![NUCB-2 regulates the epithelial-mesenchymal transition in renal cell carcinoma. (A) Cytosolic expression of NUCB-2, and makers of EMT, in SK-RC-52 and NUCB-2-KO SK-RC-52 cell lines. (B) Densitometry analysis of the relative protein expression levels normalized to those of GAPDH. \*P\<0.05. (C) Nuclear expression of NUCB-2, and markers of EMT, in SK-RC-52 and NUCB-2-KO SK-RC-52 cell lines. (D) Densitometry analysis of the relative protein expression levels normalized to those of β-tubulin. \*P\<0.05, \*\*P\<0.01. NUCB-2, nucleobindin 2; KO, knockout; ZEB1, zinc finger E-box binding to homeobox 1.](ol-19-06-3653-g03){#f4-ol-0-0-11526}

![AMPK and TORC1 pathways are critical for regulating the NUCB-2-mediated inhibition of migration and invasion. (A) Effect of NUCB-2-KO on proteins involved in the AMPK and TORC1 pathways. (B) Densitometry analysis of the ratio of the phosphorylated variant to the total expression. Expression was first normalized to GAPDH. \*P\<0.05, \*\*P\<0.01. NUCB-2, nucleobindin 2; AMPK, AMP-dependent protein kinase; TORC1, target of rapamycin complex; ACC, acetyl-CoA carboxylase; S6, ribosomal S6 kinases; 4eBP1, 4E-BP1, eIF4E-binding protein 1; p-, phospho; t-, total; KO, knockout.](ol-19-06-3653-g04){#f5-ol-0-0-11526}

![NUCB-2 upregulates epithelial-mesenchymal transition in renal cell carcinoma through the AMPK/TORC1 pathway. (A) SK-RC-52 cells with NUCB-2-KO were treated with 40-µM dorsomorphin or control for 100 min. (B) Effect of the inhibitor on members of the AMPK or TORC1 pathways. Densitometry analysis of the western blots in the left panel. The relative levels of protein levels normalized to those of GAPDH. \*P\<0.05, \*\*P\<0.01 SK-RC-52 vs. NUCB-2 KO cells; ^\#^P\<0.05, ^\#\#^P\<0.01 NUCB-2 KO vs. NUCB-2 KO cells treated with an AMPK inhibitor. (C) Relative cell migration in the three groups. \*P\<0.05, ^\#^P\<0.05. (D) Number of invaded cells transferred in the Transwell assay in the three groups. When cells were treated with an AMPK inhibitor, the migratory and invasive abilities of NUCB-2-KO stable clones was increased. \*P\<0.05, ^\#^P\<0.05. NUCB-2, nucleobindin 2; AMPK, AMP-dependent protein kinase; TORC1, target of rapamycin complex; ACC, acetyl-CoA carboxylase; S6, ribosomal S6 kinases; 4eBP1, 4E-BP1, eIF4E-binding protein 1; p-, phospho; t-, total; KO, knockout.](ol-19-06-3653-g05){#f6-ol-0-0-11526}

![Rapamycin inhibits EMT in renal cell carcinoma through the TORC1/ZEB1 pathway. (A) Western blot of EMT markers in SK-RC-52 cells treated with or without rapamycin. (B) Densitometry analysis of western blots normalized to GAPDH or β-tubulin. \*P\<0.05, \*\*P\<0.01. EMT, epithelial-mesenchymal transition; ZEB1, zinc finger E-box binding to homeobox 1.](ol-19-06-3653-g06){#f7-ol-0-0-11526}

![Suppression of NUCB-2 *in vivo* inhibits tumor formation in a renal cell carcinoma mouse model. (A) Relative mRNA levels of NUCB-2 normalized to those of GAPDH in shRNA or control cell lines. \*P\<0.05. (B) Protein expression levels of NUCB-2 in the shRNA and control cell lines. (C) Densitometry and statistical analysis of the western blots in the right panel. Relative protein levels of NUCB-2 normalized to those of GAPDH in samples. \*P\<0.05. (D) BALB/c mice were subcutaneously injected with Renca renal carcinoma cells in the rear flanks, and tumor size was measured every 2 days for the following 3 weeks. Growth of Renca cell tumors in a mouse model following the injection of an shRNA targeting NUCB-2 or a control injection. (E) *In vivo* tumors from mice implanted with the two different cell lines. (F) Relative protein expression levels of NUCB-2 normalized to those of GAPDH in shRNA or control cell lines at the end of the *in vivo* experiments. (G) Protein expression of NUCB-2 in the shRNA or control cell lines at the end of the *in vivo* experiment. \*P\<0.05. NUCB-2, nucleobindin 2; sh, short hairpin.](ol-19-06-3653-g07){#f8-ol-0-0-11526}
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